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Abstract 
Monocore powder-in-tube MgB2 precursor strands were cold-drawn and heat-
treated (HT) at 600
o
C and 700
o
C for times of up to 71 hours and structure-property 
relationships examined. Drawing-induced elongation of the Mg particles led, after HT, to 
a textured macrostructure consisting of elongated fine polycrystalline MgB2 fibers (or 
veins) separated by elongated pores. The superconducting transition temperature (Tc), 
critical current density (Jc) and bulk pinning force density (Fp) were correlated with the 
macrostructure and grain size.  Grain size increased with HT time at both 600
o
C and 
700
o
C.  Critical current density and hence Fp decreased monotonically but not linearly 
with grain size. Overall, it was observed that at 700
o
C, the MgB2 reaction was more or 
less complete after as little as 30 min.; at 600
o
C, full reaction completion did not occur 
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until 72 hrs into the HT.  Transport, Jct(B) was measured in a perpendicular applied field, 
and the magnetic critical current densities, Jcm
┴(B) and Jcm
φ(B), were measured in 
perpendicular and parallel (axial) applied fields, respectively. Particularly noticeable was 
the premature dropoff of Jcm
┴(B) at fields well below the irreversibility field of Jct(B).  
This effect is attributed to the fibrous macrostructure and its accompanying anisotropic 
connectivity.  Magnetic measurements with the field directed along the strand axis 
yielded a critical density, Jcm
┴(B), for current flowing transversely to the strand axis that 
was less than and dropped off more rapidly than Jct(B).  In the conventional magnetic 
measurement, the loop currents that support the magnetization are restricted by the lower 
of Jct(B) and Jcm

 (B).  In the present case the latter, leading to the premature dropoff of 
the measured Jcm(B) compared to Jct(B) with increasing field.  This result is supported by 
Kramer plots of the  Jcm

 (B) and  Jct(B) data which lead to an irreversibility field for 
transverse current that is very much less than the usual transport-measured longitudinal 
one, Birr,t. 
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Introduction 
 
 Many studies have been devoted to improving the superconducting properties of 
MgB2 since its discovery in 2001 [1]. Superconducting powder-in-tube (PIT) strands 
have been made by various groups using the in situ method [2-10] (in which a mixture of  
Mg and B powders enclosed in a non-reactive tube is drawn to wire and then reacted to 
form MgB2) and the ex situ method [6],[11-12] (in which the starting powders are pre-
reacted to form MgB2 which, after pulverization, is also enclosed in a tube and drawn to 
final strand). One advantage of the in situ process is that the Mg+B reaction, being 
facilitated by the relatively high vapour pressure of Mg, can in principle begin  below the 
melting point of Mg (650
o
C) [13]. In contrast, the inability of MgB2 to sinter even under 
extreme conditions is well known [14] and requires ex situ processed wires to undergo 
final heat treatments of 800-1000
o
C [11-12].   
Much research into improving the superconducting properties of MgB2 strands 
has focused on: (i) increasing the critical current density (Jc) through increasing the bulk 
pinning force density (Fp = Jc x B) [15-20]; (ii) increasing the critical fields (Birr and Bc2) 
and hence the high-field Jc through the introduction of dopants that contribute to charge-
carrier scattering.  These can be accomplished through: (i) site-substitution into the Mg 
sublattice by Zr [21, 22], Na [23], or similar-sized cations [24-27], (ii) site-substitution  
into the B sublattice by C [28-32] (with regard to which we note that it has been difficult 
to distinguish t-he influence of substitution from effect of possible C-induced lattice 
strain [33][34]), and (iii) increasing the connectivity between MgB2 grains (or grain 
clusters) to increase the efficiency of supercurrent flow [35-38].    
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Increasing the electrical connectivity of the MgB2 is the single most important 
route towards high Jc. Using the transport properties of MgB2 single crystals as reference 
it has been shown that bulk pellets and PIT strands prepared under zero- to moderate 
externally applied pressures (the usual conditions) yield electrical connectivities of only 
10-20% [27][39].  Moreover, Jc has been shown to scale with the normal-state electrical 
connectivity, with more highly connected samples exhibiting higher critical current 
densities [40]. It has been suggested that poor connectivity results from the presence of 
intragranular insulating oxide layers; these in turn stem from an MgO coating on the Mg 
particles [41] or a B2O3 coating on the B particles [42].  These oxide layers are also 
thought to inhibit the sintering of MgB2 particles during ex situ route processing by 
restricting intergrain atomic diffusion. 
Connectivity manifests itself at two levels: (i) between the individual MgB2 
grains, (ii) between aggregates (fibers, see below) of even well connected polycrystalline 
grains.  With regard to in situ processed PIT MgB2 strands, it has been noted [4][43] that 
the drawing of the mixed powders leads eventually to a fibrous macrostructure. The term 
“macrostructure” is herein used to indicate that the fiber dimensions (typically 27 µm x 
2.5 µm) are very much larger than the typical grain size (≈ 50 nm). It has been shown 
qualitatively [4] that this fibrous microstructure begets an anisotropic connectivity. 
Numerous authors have noted a difference between the transport measured Jct and the 
magnetically measured Jcms  [4][44-45]. Some authors have claimed these differences to 
be due to defects [44] or current loops of different length scales caused by porosity [45]. 
This report offers an alternative model based on macrostructurally induced Jc anisotropy. 
Magnetization measurements with the applied field directed along the strand axis yield an 
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azimuthal critical current density Jcm
 (B) that can be identified with a transverse (across-
the-strand) critical current density J2. It turns out that over the entire field range J2 is less 
than Jct as are the corresponding irreversibility fields. In the conventional magnetic 
critical current density measurement, the loop currents that support the magnetization are 
restricted by the lower of Jct(B) and J2(B); in the present case this is J2(B). Application of 
an anisotropic critical current density model previously used for low temperature 
superconductors [46] is appropriate and explains the noted premature dropoff of Jcm
┴(B) 
with increasing field relative to Jct(B). For clarity, Table I lists and defines all critical 
current densities referred to in this work. 
However, understanding the nature of the anisotropic Jc and how it relates to the 
macrostructure and chemistry of the drawn MgB2 wires is essential for establishing a 
predictable structure-property relationship. To this end, we have performed detailed 
analyses of the evolution of Tc, Jc, macrostructure and microstructure during  HT for 
times of 0.5–1 hrs at 600oC and 700oC, temperatures that were chosen to bracket the 
650
o
C selected by others (e.g. [47]) and which are also 50
o
C below and 50
o
C above the 
melting point of Mg.  The following results show that the MgB2 formation reaction  
proceeds to completion much more rapidly as the HT temperature is raised from 600
o
C to 
700
o
C assisted by a 7-fold increase in Mg’s vapour pressure (0.68 torr to 4.84 torr, 
respectively). Additionally, we have investigated the effect of drawing on the powder 
morphology in the in situ wires at various stages in the manufacturing process to explain 
the origin and development of the fibrous macrostructure and its influence on the 
anisotropic connectivity.  
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Experimental Procedure 
 
Monofilamentary powder-in-tube (PIT) strands with a Nb chemical barrier and an 
outer sheath of Monel 400® (henceforth “monel”, a copper-nickel alloy) were 
manufactured by HyperTech Research Inc. (HTR)  The final strand had a cross-section 
which was (by area) 50% monel, 29% Nb barrier, and had a remaining 21% allocated to 
the mixed-powder core. The basic powder ingredients were commercial Mg powder 
(99%, < 44 µm particle size) and “amorphous grade” B from Alpha Aesar.  Listed as 
99% pure, and made from the thermal decomposition of diborane gas, this powder 
consists of submicrometer-size agglomerations of 30 -100 nm size particles. Also 
included in the starting powder as a C-contributing dopant was small fraction of malic 
acid. (Alfa Aesar, 99% purity) which was mixed with the B powder in the ratio of 98.3 
mol%B to 1.7 mol% malic acid. After this, 60 mL of toluene was added to create a slurry 
which was subsequently high energy ball milled for 12 minutes. The slurry was then 
transferred to a pyrex jar and vacuum-dried at 150
o
C during which the malic acid melted 
and decomposed and, along with the toluene, contributed C to the powder mixture  [31] . 
An appropriate amount of Mg powder was then was added to restore the Mg:B ratio to 
1:2. The powders were planetary milled at 100 rpm for 10 minutes followed by additional 
planetary milling steps performed at 500 rpm for 12 mins.   Bimetallic Nb/monel tubes 
were filled with this powder using HTR’s previously described “CTFF” process [48-50] 
in preparation for wire drawing to a diameter of 0.83 mm followed by in-situ heat 
treatment (HT). 
Segments of strand about 20 cm long, with ends crimped to prevent Mg loss, were 
heated in Ar at 6
o
C/min  to  600
o
C and 700
o
C where they remained for times of 0.5, 1, 2, 
 7 
4, 6, 8, and 71 hrs before being quenched in ice water.  Transport critical current density 
Jct was measured on 3 cm long pieces cut from the centers of the heat treated (HT) strand 
segments. Measurements were performed at temperatures 4.2 K, in magnetic fields of up 
to 14 T at currents of up to 220 A. The gauge length was 5 mm and the Jc criterion was 1 
V/cm.   
Both Tc and magnetic critical current densities in transverse and longitudinal 
fields of up to 14 T were measured on ~5 mm segments of strand using the VSM option 
on a Quantum Design Model 6000 PPMS after the monel outer sheath had been etched 
off using a 20% aqueous solution of HNO3.   
Ultra-high-resolution micrographs were obtained using a Philips Sirion field-
emission gun (FEG) scanning electron microscope (SEM) with a through-the-lens 
detector (TLD). For the longitudinal cross-section micrographs, samples were cold-
mounted in conductive epoxy and any bubbles were removed by pumping. These 1.5-
inch diameter mounts were then sequentially polished using 320, 400, 600, 800, 100, and 
1200 grit SiC polishing paper followed by 6 m and 1 m diamond polishing. For grain 
size measurement fracture SEM samples were prepared after etching off the monel outer 
sheath with the same procedure as above and fracturing the resulting Nb/MgB2 strand.  
These samples were held in place using an Al clamp.  Grain size was measured using the 
line-intercept technique. 
 
Results and Discussions 
 
Macrostructural Properties: The Unreacted Strand  
 
It is well known that Mg has limited ductility, with an elongation-to-fracture of 
~7% under static strain. However, a Mg rod embedded in fine B powder (either 
 8 
amorphous or microcrystalline) can undergo ductile elongation when drawn through a 
series of dies. This phenomenon is well-known, having been performed by both Giunchi 
[51,52] and Kumakura [53] who described packing an axial rod of Mg into an 
experimental billet with B powder and drawing it to fine wire sizes. Likewise imbedded 
Mg particles also undergo elongation during drawing though dies as reported previously 
by Uchiyama [43] and shown conceptually in Figure 1.   
The elongation of the Mg particles during the drawing of an actual strand is 
shown in Figure 2. Depicted are longitudinal sections of a strand at successive stages of 
wire reduction as the outside diameter (OD) decreases from 4.08 mm to 0.83 mm. In 
these unreacted strands the aspect ratio of the Mg particles increased from 1 to 12 as the 
strand was drawn to smaller and smaller diameters, Figure 3.  
 
Macrostructural Properties: The Reacted Strand  
 
During HT a “shrinking-core reaction” Mg+B → MgB2 takes place during which  
Mg liquid or vapour reactively diffuses into the B particles, forming MgB7, MgB4, and 
finally MgB2 [53]. This is confirmed on the macroscopic scale by observations following 
the formation of MgB2 in the “internal magnesium diffusion” (IMD) process [51-53]; 
wherein a void replicates the space previously occupied by Mg.  Powder-in-tube in situ 
MgB2 formation is analogous; its noted porosity is a direct result of the voids left behind 
after the prior Mg has reacted.   
 As shown in Figure 2 the pre-reacted strand consist of aspected stringers of Mg 
and correspondingly elongated regions of B powder. During HT the Mg leaves behind 
long, aspected voids as it reacts with the B powder to form a fibrous MgB2 
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macrostructure. These MgB2 fibers, or veins, which are typically ~20 m long and ~2.5 
m across (the macrostructure) consist of an assembly of randomly oriented, relatively 
well-connected fine polycrystalline MgB2 grains typically 50 nm in size (the 
microstructure). The veins of polycrystalline MgB2 are preferentially oriented 
longitudinally within the strand. The electrical connectivity between them differs in 
transverse and longitudinal directions. To be discussed below is the profound effect of 
this anisotropy on the superconducting properties of the MgB2 strands.   
 Figure 4 shows the evolution of the macrostructure as a function of HT time at 
600
o
C and 700
o
C.  Increasing the HT temperature from 600
o
C to 700
o
C, which increases 
Mg’s vapour pressure from 0.68 torr to 4.84 torr, has a pronounced effect on the Mg+B 
→ MgB2 formation kinetics. In Figure 4 the pre-reacted strand clearly shows the aspected 
Mg particles that later give rise to elongated voids. At 700
o
C, the macrostructure is 
mostly composed of MgB2 with occasional areas of a higher boride phase, likely to be 
MgB4 or MgB7 (seen as the darker regions in the back-scatter micrographs). These 
regions reduce in area with the HT time, albeit slowly. At 600
o
C, these higher boride 
phases dominate the micrographs. However, as the HT time is increased these regions 
decrease in size until, at 71 hrs, they occupy the same fraction of the strand as they do 
after the 700
o
C HT.   
 
Transition Temperature by DC Susceptibility 
 
  The superconducting transition temperature, Tc, was determined by zero-field-
cooled (ZFC) DC susceptibility vs. temperature (T) measurements on strands that had 
received HT for 0.5, 1, 8, and 71 hr at 600°C and 700
o
C. In the applied field of 200 Oe 
which is less than MgB2’s 4 K lower critical field of ~250 Oe [55] the DC susceptibility 
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responds to a Meissner screening current flowing within a penetration depth of 140–150 
nm [55][56] which is of the order of a few grain diameters.  So the DC susceptibility 
measurement tends to probe properties at the level of the MgB2 veins. Specifically, any 
observed distribution in Tcs would reflect intra-fiber inhomogeneities rather than whole-
strand inhomogeneity, if present. The magnetic results are presented in Figure 5 in the 
formats normalized susceptibility (0) vs T and its derivative, (/0)/T, vs. T.   
Figure 5 shows that with increasing HT time at 600
o
C, Tc increases gradually 
while the distribution sharpens, in response to increasing homogeneity (as the reaction 
gradually proceeds to completion). Indeed at 600
o
C it takes 8 hrs for the Tc distribution to 
match that of the sample HT for only a short time at 700
o
C. During HT at 700
o
C, both Tc 
and its distribution reach their saturation values in about one half an hour. The peaks seen 
within 7.5~9.5 K represent the Tcs of the Nb chemical barriers. The onset Tcs of the MgB2 
components from Figure 5 are plotted as functions of HT time in Figure 6.  Evidently the 
formation reaction seems already complete after about one half an hour of HT at 700
o
C. 
while at 600
o
C at least 71 hrs seem to be required.      
 
Critical Current Density in Response to HT Time and Temperature                                                                                                                                                                                                                                                                                                                             
 Transport and magnetic critical current densities (Jct and Jcm
┴
, respectively) were 
measured at 4.2 K as functions of magnetic field applied perpendicular to the wire axis.  
For later use the longitudinal-field magnetic critical current density Jcm
φ
 was also 
measured; the transport results are presented in Figure 7.  At 700oC, Jct  achieved 10
4
 
A/cm
2
 at 11-11.2 T independently of HT time in  the range 0.5-2 hrs. Unfortunately, what 
we deduced as Nb barrier failure after more than 2 hrs of HT prevented reliable Jct 
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measurements from being made on samples HT for longer times. At 600
o
C, Jct rose to 10
4
 
A/cm
2 
at 10.7 T after HT for 4 hrs. Longer times caused a slight drop-off in Jct, to 10
4
 
A/cm
2
 9.75 T after 6 hrs and 8 hrs of HT.  
In order to compare the effects of long HT times at 600
o
C and 700
o
C on critical 
current density,  bearing in mind that the 700
o
C Jct was unavailable for HT times longer 
than 2hrs, it was necessary to frame the comparison in terms of the transverse-field 
magnetic Jcm
┴
.  In spite of the well known difference between Jct and Jcm in in situ PIT 
MgB2 strands [4][44-45] it is nevertheless useful to use Jcm
┴ as a basis for comparison 
when comparing the effects of long-time HTs at different temperatures when Jct  data are 
not available. The 5 K, 4 T values of Jcm
┴
 as functions of HT time at 600
o
C and 700
o
C are 
presented in Figure 8. 
   Recognizing that the formation reaction at 700
o
C is already complete after about 
one half an hour of HT we attribute the monotonic decrease in Jcm
┴
 with HT time to grain 
growth which reduces specific grain-boundary surface area hence the effective density of 
flux pins. At 600
o
C, Jcm
┴
 steadily increases with HT time until at 71 hrs it is almost 
equals that achieved by a 700
o
C HT for the same period of time (10.2 and 9.4 10
4
A/cm
2
, 
respectively).  This result conforms with the observation that both of the 71 hr HT 
samples have the same macrostructure, similar Tcs, and similar Tc distributions. More 
importantly, as we shall see in the next section, both the 71h/600
o
C and 71h/700
o
C HTs 
produce similar grain sizes.  
 
Grain Size, Grain Growth and Flux Pinning 
Ultra-high-resolution SEM was employed on fracture samples in order to gauge 
the effect of heat treatment parameters on the grain size, Figure 9. The grain sizes, 
 12 
extracted from the SEMs using the line-intercept technique and are presented in Figure 
10 as a function of HT time, t.   During the 700oC HT the MgB2 grain size, d, increases 
proportionately to t½ (albeit at an extremely slow rate) in conformity with the standard 
treatment of grain growth according to which d2-d0
2=Kt  [57] in which  d0 is the initial 
grain size (38 nm in  this case) and K is the rate constant.  However, after 4 hrs of HT no 
further growth takes place with the grain size reaching a plateau of 51.7 ± 6.4 nm.  
During the 600
o
C HT, the grain size remains constant up to about 4 hrs during which the 
Mg+B → MgB2 approaches completion (see the magnetic susceptibility and Tc 
behaviours shown in Figures 5 and 6). Once the reaction is more or less complete 
(although as evidenced from the dM/dT graph in Figure 5 not necessarily homogeneous) 
the MgB2 grain growth at 600
o
C follows the same t½ dependence as before. Once more, 
after a relatively short period of limited grain growth (from d = 36.8 ± 2.3 nm at 4 hrs to 
50.0 ± 3.2 nm at 8 hrs), grain a prolonged HT of 71 hrs at 600
o
C and 700
o
C the grains  
reached sizes of 53.2 ± 3.9 nm and 53.2 ± 4.3 nm, respectively, and stop growing.   
These similar final grain sizes suggest that grain growth is inhibited by a common 
mechanism the most likely candidate being grain-boundary contamination which 
eventually blocks the intergranular diffusion needed for growth. Numerous authors have 
conducted detailed studies of grain boundary contamination [58], some emphasizing its 
effect on electrical connectivity [59]. Boron powder when exposed to air (as usual in in-
situ PIT processing) readily acquires a coating of B2O3.  Early in the HT of the Mg+B 
mixture the  B2O3 melts  (M.P., 450
o
C), coats whatever particles are present, in particular 
the Mg particles with which it reacts to form MgO.  It has been shown that the final 
MgB2 grains end up partially coated with an insulating MgO film that by acting as a 
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current barrier, reduces the effective grain-surface area, and restricts the electrical 
connectivity of the polycrystalline superconductor [59].  We postulate here that this same 
partial coating restricts, and eventually stops, the growth of the MgB2 grains during HT.  
We conclude this section on granularity by enquiring into the relationship 
between HT time, grain gowth, Jcm, and bulk pinning force density with particular 
reference to the 700
o
C HT (since at this temperature the strands were already fully 
reacted after 0.5 ht). Figure 11(a), which juxtaposes the Jcm
┴
 (5K, 4T) data of Figure 8  
against the grain size data of Figure 10, shows the former monotonically decreasing and 
the latter increasing with HT time at 700
o
C. Figure 11(b) shows the 5-K, 4-T bulk 
pinning force density Fp (equal to Jcm
┴ x B) plotted against inverse grain size.  It is 
generally accepted by now that MgB2 is a normal-surface (grain-boundary) pinner whose 
Fp follows the well known Kramer-Dew-Hughes relationship [60, 61].  In ideal grain-
boundary pinning one would expect Fp to be proportional to the grain surface area per 
unit volume and hence to 1/d. Although the present sample deviates from this ideal 
geometry-based relationship, Fp clearly increases with decreasing d, a result previously 
seen in MgB2 wires, tapes, and films [62].  
 
Transport- and Magnetic Critical Current Densities 
 
Comparisons were made of the transport and magnetic Jcs in perpendicular 
applied fields (Jct and Jcm┴ , respectively) of strands HT for 2 hrs at 600
o
C.  This HT was 
chosen since it enabled a direct overlap of Jct and Jcm
┴
; the strand HT at 700
o
C would 
have had a low field critical current greater than the 120 A limit of the power supply.  For 
the magnetic measurements the samples were cut to two lengths corresponding to aspect 
ratios (length/diameter, L/D = S) of 13 and 8. Associated with Figure 12, are several 
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important observations: (1) The transport Jct extends well past the equipment limit of 14 
T; (2) The magnetic Jcm
┴
 dies off “prematurely” at a rate that depends on S, indeed  Jcm
┴
 
plunges towards zero in fields of 7 – 11 T; and (3) The Jcm
┴
s of Jc-isotropic cylinders 
with S-values of  13 and  8  differ from Jct by only about 2% and 4%, respectively  (see 
Equation 1(a) below).   
A relationship between the drop-off of Jcm
┴
, the S-dependence of that drop-off, 
and departure from Jc-isotropy (i.e. anisotropy) is discussed below with reference to the 
results of detailed SEM observations and critical state analysis. In a perpendicular applied 
field the current loop supporting the magnetization consists of longitudinal currents of 
density, say J3, (which can be identified with Jct) in series with transverse currents of 
density, say J2. According to Sumption’s calculations [46] the “perpendicular field” 
magnetic critical current density, Jcm┴MOD , is sample-aspect-ratio dependent and given 
by: 
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in which Lt represents a quantity which is analogous to the current transfer length of an 
anisotropic finite-slab model [46]. Associated with Figure 12 and Equation (1) are several 
important observations: (i) The transport Jct is 10
3
 A/cm
2  
at 12 T while the magnetic 
Jcm
┴s drop off “prematurely” at a rate that depends on S and fall to 103 A/cm2   at 7.9 T (S 
= 13) and 6.9 T (S = 8). (ii) For long isotropic superconductors (L » D, Jc3 = Jc2) Equation 
(1a) shows that Jcm┴MOD ≈ Jc3 ≡ Jct. Evidently the observed  Jct - Jcm
┴
 bifurcation can be 
attributed to finite aspect ratio coupled with critical current anisotropy.  The latter seems 
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to be the driving mechanism since, according to Equation (1a), the Jcm┴MODs of isotropic 
cylinders with S-values of 13 and 8 differ from Jct by only about 2% and 4%, 
respectively, scarcely the thickness of the lines in Figure 12. 
The projected deviation between Jcm┴MOD and Jct becomes even stronger once field 
dependencies are introduced, however the modification of Equation (1) needed to include 
the field dependencies of J3 and J2  is beyond the scope of this work.  Figure 12 compares 
the measured values Jct and Jcm
┴
.  Next, in order to compare Jct with the model Jcm┴MODs 
predictions of Equation (1) it is necessary to find J2. This we do by applying the field 
along the strand axis and from the resulting magnetization determine the circumferential 
critical current density, Jcm

 = 30ΔM/D [63].  We then take the next step of identifying 
Jcm

 with J2 since both currents pass transversely across the strand and encounter the same 
microstructural features. After inserting Jcm

 ≡ J2 into Equation (1) and identifying J3 
with Jct  it is possible to calculate the model  Jcm┴MOD and compare it with the measured 
Jcm
┴
 as in Figure 13.  Also included in that figure are (i) the transport-measured Jct ≡ J3, 
(ii) the magnetically-measured Jcm

 ≡ J2, and (iii) Kramer plots based on Jct(B) and Jcm
φ 
(B).  
 In Figure 13, although Jcm┴MOD(B) and  Jcm┴(B) do not track exactly, they both tend 
towards a common irreversibility field (Birr, 10
2
 A/cm
2
 criterion) of about 10 T; the Birr 
associated with Jct(B) is projected to be about 16 T. Referring again to Figure 13 the 
differences between Jct(B) and Jcm
 (B) (i.e  J3 and J2) and the differences between the 
corresponding Birrs are clearly responsible for the bifurcation of  the measured Jct(B )and 
Jcm┴(B). 
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  Evidently the drop-off of Jcm┴(B), the S-dependence of that drop-off, and Jc- 
anisotropy are interrelated. Several authors have reported on the influence of sample size, 
at fixed S [64,65], and fixed and variable S [66] on magnetic-Jcm. Attention was directed 
primarily on measurements with the field applied parallel to the sample’s long axisand 
various explanations for the size dependencies were offered.  In a broad extension of the 
size-effect studies Horvat [45] compared the field dependencies of Jct and Jcm in PIT-
processed MgB2 strands, attributing observed differences to macrostructural properties 
(in present terminology) of the superconducting core – porosity and agglomerations of 
superconducting crystals. Our model also includes these basic elements but is bolstered 
on one hand by critical state analysis and on the other by detailed SEM observations. 
 
Macrostructural Anisotropy and its Influence on Supercurrent Flow  
The macrostructure of the reacted PIT strand core is characterized by an array of 
~20 x ~2.5 m polycrystalline MgB2 fibers and their associated elongated pores aligned 
along the wire direction, Figure 4.  The existence of a J3 and a J2 indicates that the fibers 
are both longitudinally and transversely interconnected. The presence of anisotropic 
critical current density was initially surprising, given that the MgB2 is polycrystalline 
with fine randomly oriented grains, Figure 9. However, in light of the evolution of 
fibrous stringers of Mg during the wire drawing process, we propose the following 
explanation for the observed electrical anisotropy in MgB2 strands. 
The macrostructure of the as-drawn but unreacted strand is depicted in Figure 14a 
which shows the B as the dark phase and the Mg as the white phase. Evidently, as the 
strand is drawn down to its final diameter of 0.83 mm, the Mg elongates and fractures, 
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forming isolated, aspected stringers (the white regions in Figure 14). It is well-known that 
Mg readily oxidizes in air. Accordingly an MgO film will surround every starting Mg 
particle. As the Mg elongates with drawing the brittle film will fracture leaving a partially 
coated surface. As described above, further surface oxidation will take place during HT.  
The B powder will be forced to rearrange itself into veins lying continuously 
along the length of the strand, Figure 14. The Mg vapour that evolves during HT 
permeates the B and begins to convert it to veins of MgB2.  As a result of the density 
difference between B and MgB2 [67] these veins will swell during this conversion 
(resulting in a 1.2-fold increase in volume assuming an initial B density of 65%) and will 
stop growing when either all the B is converted to MgB2 or until neighboring veins of 
MgB2 impinge upon each other. Just as in Giunchi’s “reactive magnesium infiltration 
process” [51,52] for producing MgB2 bulks and strands,  each reacting Mg stringer leaves 
behind a matching vacancy. As a result these elongated pores that separate the veins of 
MgB2 produce a relative weakening of the transverse connectivity. Impurity phases such 
as MgO, originating from the starting Mg particles and as a product of oxidation by B2O3 
during the HT [58,59], also decorate the surface of the MgB2 veins and again contribute 
to the anisotropic connectivity. This explanation is presented pictorially in Figure 14, for 
clarity in terms of the pre-reacted structure (cf. Figures 2  and 4): (i) Figure 14(a) shows 
the locations of the elongated B and Mg sites. (ii) In Figure 14(b) long dashed lines 
emphasize the continuous nature of the longitudinal B (future MgB2) veins. (iii) In Figure 
14(c) short dashed lines emphasize the transverse B connections showing them to be both 
discontinuous and circuitous, leading to poor transverse connectivity in the HT strand, 
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and hence the large difference between the longitudinal and transverse critical current 
densities, Jct(B)and J2(B). 
 
Concluding Summary     
 
The structure-property relationships in a superconducting MgB2 strand have been 
investigated.  The superconducting properties Tc, magnetic- and transport critical current 
densities, Jcm┴(B) and Jct, and bulk flux pinning force density, Fp, were measured and 
correlated with processing induced materials properties. The evolution of cold drawn 
microstructure from a mixture of Mg and B powders to a macrocomposite of elongated 
Mg stringers in a correspondingly elongated B matrix was observed.  Next, during HT for 
times of 1-71 hrs at 600
o
C and 700
o
C, the conversion of the B component of the mixture 
to MgB2 fibers separated by elongated pores (the prior Mg sites) was observed. The 
speed of the Mg+B → MgB2 reaction at 600
o
C and 700
o
C was studied by magnetic- and 
transport-property measurement. Magnetic measurements of Tc and transport 
measurements of Jct showed the reaction to be barely complete after 71 hrs at 600
o
C but 
fully so after only about 0.5 hrs at 700
o
C. With regard to the detailed structure of the 
strand: (i) SEM performed before HT showed the aspect ratio of the Mg stringers 
increasing from 1 to 12 as the area reduction of the strand increased up to 90%; (ii) SEM 
performed “during” HT showed the evolution of macroscopic veins of MgB2 separated 
by elongated pores; (iii) fracture-SEM depicted a fine equiaxed randomly oriented 
granular structure within the veins, and a grain size, d, that increased from 36 ~ 52 nm 
with HT time, t.  Although the rate of grain growth was found to follow the usual d ≈ K 
t1/2 relationship, the rate constant K which was the same for both HT temperatures (albeit 
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after a delayed start at 600
o
C) was relatively small. It is postulated that grain growth is 
inhibited by the presence of grain boundary contaminants such as MgO, the same 
contaminants that reduce inter-grain  (i.e within the MgB2 veins) connectivity.  After 
correlating grain size with Jcm┴ it was noted that although an increase with decreasing 
grain size was observed, the rate of increase was not directly proportional to the  d-1 
generally expected for a dense packing of equiaxied grains, probably again due to the 
intervention of grain-boundary film.  An important component of the research was a 
comparison between Jcm┴(B) and Jct(B) accompanied by an explanation for the 
“premature” drop-off of  Jcm┴(B) relative to Jct(B).  The transverse-field magnetization 
giving rise to Jcm┴(B) is supported by a strand-longitudinal critical current density Jct(B) ≡ 
J3(B)    in series with a transverse component, J2(B). As mentioned above, the core of the 
strand consists of MgB2 fibers separated by elongated pores. The fibers are practically 
continuous along the length of the strand but are tortuously interconnected transversely to 
the wire drawing direction.  These degraded interconnects, most likely contaminated with 
MgO, cause the J2(B) to be both weaker than more strongly field dependent than Jct(B) 
thereby driving a weaker and more strongly field dependent  Jcm┴(B).  As a corollary we 
note that in characterizing the critical current density of an in-situ                                      
PIT strand the magnetically determined value is not a reliable substitute for the transport-
measured Jct.  
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Table I. Definitions of Symbols for Critical Current Density, CCD 
Symbol                              Definition 
Jct Measured transport CCD 
Jcm
┴ Measured perpendicular field magnetic CCD 
Jcm
 Measured parallel field magnetic CCD 
Jcm,
┴
MOD Model perpendicular field magnetic CCD, Eqn. (1) 
J3 Model strand-longitudinal CCD, Eqn. (1), = Jct  
J2 Model strand-transverse CCD, Eqn. (1), = Jcm

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Figure 1. Conceptualization of Mg elongation during the wire drawing process. 
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Figure 2. BSE SEM images of the longitudinal cross sections of an unreacted MgB2 
strand at various stages along the wire reduction path.  Evident is the evolution of 
macrostrure, in particular the ribbonization of the Mg. The strand (starting OD of 
9.53 mm) is shown at wire OD/strain values of (a) 4.08 mm /57% area reduction, 
(b) 2.41 mm/75% area reduction, (c) 1.42 mm/85% area reduction, and (d) 0.83 
mm/91% area reduction. 
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Figure 3. Aspect ratio of Mg stringers vs. % area reduction of the MgB2 strand. 
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Figure 4.  BSE performed on longitudinal cross sections of strand HT for various times at 
600
o
C and 700
o
C showing macrostructural evolution of phases with HT. 
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Figure 5.  0 vs. T and d(0)/dT vs. T for four HT times at 600
o
C and 700
o
C.   
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Figure 7.  4.2 K transport Jc for HT temperatures of 600
o
C and 700
o
C. 
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 Figure 8.  5 K, 4 T values of Jcm
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 as functions of HT time at 600
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Figure 9.  Fracture UHR-SEMs showing a gradual growth of grains from 35~55 nm with 
HT time. 
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Figure 10.  Grain size vs. HT time for 600
o
C and 700
o
C.  The solid and dashed lines 
represent fittings to the standard grain growth relationship  d t½. 
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Figure 11.  a) Grain size (d) and 5 K, 4 T Jcm
┴
 vs. HT time for the 700
o
C HT; 
and b) 5 K, 4 T Fp vs. inverse grain size. 
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Figure 12.  Measured Jct together with measured Jcm
┴ at aspect ratios of S=8 and S=13. 
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Figure 13. Jcm
┴
MOD (Equations 1a and 1b) as a function of B compared to Jct, Jcm

 and 
Jcm
┴
.  The inset shows the Kramer plot of the same Jc-B curves to emphasize the different 
values of Birr that can be measured depending on the technique. 
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Figure 14.  a) Unreacted Mg+B wire, longitudinal cross section; b) long dashed lines 
emphasizing the continuous nature of the longitudinal boron veins; and c) short dashed 
lines showing the discontinuous and circuitous nature of the transversal boron 
connections. 
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